Different characterizations were carried out on unheated expansive soil and samples heated at different temperature. The samples are taken from the western outskirts of Nanning of Guangxi Province, China. In the present paper, the mineral and chemical composition and several essential physical parameters of unheated expansive soil are indicated by XRD and EDX analysis. Moreover, the structural transition and change of mechanical properties of samples heated in the range of room temperature to 140 ∘ C are proved by TG-DTA and SEM observation. The mean particle diameter, density, hydraulic behaviors, and bond strength also have been investigated. The results indicate that, along with the loss of free water, physical absorbed water, and chemically bound water, the microstructure experiences some obvious change. In addition, the particle size and density both will increase rapidly before 100 ∘ C and undertake a slow growth or decline when higher than 100 ∘ C. The hydraulic behaviors and strength performance of unheated samples and the one heated at 100 ∘ C are given out as well. All these researches play fundamental role in the pollution prevention, modification, and engineering application of expansive soil.
Introduction
Expansive soils are soils that expand when water is added and shrink when it dries out. This continuous change in soil volume can cause homes and roads built on this soil to move unevenly and crack [1] [2] [3] . The special engineering properties of this soil are determined by the mineral phase and the chemical composition [4] . Therefore, researches on them are not only necessary for exploring the engineering properties of expensive soils and discussing the expansion mechanism but also indispensable as to the improvement and reinforcement of expansive soils and the discussion of new soil research techniques and methods [5, 6] . During the application of expansive soils in the construction and employment of embankment, the peculiarity is influenced by both the nature of the denudation and deliquescence of expansive soils [7] [8] [9] .
The variation of temperature has a critical influence on the engineering properties of soils [10] [11] [12] . The relevant researches were as early as the 20th century AD, which were mainly focused on the soil evaporation and the invasion of precipitation [2, 13] . On the other hand, more recent studies are primarily on how temperature affects the transformation and the further strength character of soil [14] [15] [16] . De Bruyn et al. have analyzed the results of triaxial test carried out at different temperature (50 ∘ C, 80 ∘ C, and 110 ∘ C) and different confining pressure (2.1, 3.1, and 4.1 MPa), given the conclusion that the shear strength will increase with the rise of temperature [17, 18] . However, researches on the influences of temperature on the change of physical and chemical properties including microstructure and hydraulic behaviors have been rarely reported before.
In this research, the expansive soil samples collected from the western outskirts of Hanzhong of Shanxi Province were characterized to analyse the chemical and mineral components. In addition, researches on the influence of temperature on the microstructure and physiochemical properties were also carried out. It is critically important to carry out this research project for the further pollution prevention, modification, and engineering application of expansive soil. Thermal analysis was performed on a Netzsch (Germany) STA 449 simultaneous analyzer. Thermogravimetric (TG) and differential thermal (DT) analysis were performed in the range of ∘ C (stripping gas: dry N 2 , helium flow = 100 mL/min, and heating rate: 5 ∘ C/min). Measurements were carried out in 0.3 cm 3 volume alumina crucibles usingalumina as reference, analyzing ≈100 mg of dry sample. The volume frequency of particle diameter is characterized by a Winner2008A (Chinese) laser particle size analyzer, whose measuring range is 0.01-2000 m. The density measurements were performed with a helium pycnometer (Micromeritics, Model 1305, USA). And the strength performance of expansive soil heated at different temperature is tested on a Trautwein DigiShearTM (Chinese) multifunctional direct shear test systems with the following testing condition: the shear rate is 0.03 mm/minute and the maximum shear displacement is 6.5 mm.
SEM observation EDX analysis was performed on TES-CAN VEGA II scanning electron microscope for the characterization of the micromorphology of expansive soil treated at different temperature.
Components and Properties in Room Temperature

Chemical and Mineral Components.
The mineral component of expansive soil consists of clay mineral and detrital mineral. The ingredients of the clay mineral are mainly quartz, mica, feldspar, and a few of the calcites and gypsums, which are the major part of coarse grain [7] . Generally, due to the low content in expansive soil, the coarse grain has low effect on the swell-shrink property. On the contrary, the engineering properties of expansive soil are principally determined by the clay mineral, the fine grain, and especially the mineral like smectites. The X-ray diffraction patterns of expansive soil samples are shown in Figure 1 , which reflects that the main clay minerals are illite, montmorillonite, kaolinite, quartz, potash feldspar, and plagioclase according to the JCPDS cards. Moreover, the diffraction peaks have not waved and the intensity also has not changed with the variation of temperature (20, 60 , 100, and 140 ∘ C), which indicates that the main mineral component has not changed. The mineral composition and the component can be given through the quantitative calculation of the intensity of the diffraction peak and full width at half maximum, which are shown in Table 1 . It indicates that expansive soils from Hanzhong are mainly composed of illite and kaolin, which separately take 39% and 31% part of the total air drying sample, while the percentages of quartz and feldspar are lower than 10%. It should be mentioned that the clay mineral component is not exactly close to the soil from other sites, which is because of the different depositional environment of mother rock and rate of decay during the soil-forming process.
In this project, EDX analysis was also employed to study the stability of expansive soil and the chemical composition and component which are shown in Table 2 . From this table, it can be illustrated that, even though the result would vary with the EDX detection sites and the main components are SiO 2 , Al 2 O 3, and Fe 2 O 3 , which three components accounting for around 80% of expansive soil. As a consequence, the enrichment of quartz mineral in course mineral and the enrichment of aluminum silicate clay minerals in fine mineral can be concluded.
Among the chemical compositions of colloidal particle of expansive soil, the molecular ratio of silicon aluminum is 3.94, which indicates that the major mineral composition is illite, corresponding to the identification result. The high components of vivacious alkali metals and alkaline-earth metals such as K, Na, Ca, and Mg demonstrate the low degree of the weathering leaching and chemical weathering and that this soil can be further weathered when the climate, aqueous medium, and oxidoreduction environment are different. Consequently, the engineering properties would be worse for the hydrophilic enhancement. The EDX pattern is shown in Figure 2 where the existence of Au element is due to the spraying for SEM observation.
Physical Property.
The sample soils belong to the mound hilly mudstone swell-shrinking soil area, the bed rock of which is lacustrine deposition mud and silty mud and the surface of which is soil from intense weathering and shows the structure of stratiform and color of greyish-green [19] . What is more, this soil is interbedded by silty mudstone and mudstone siltstone. That is the reason why strong expansive soils from Hanzhong are famous. The physical parameters including specific weight, liquid limit, and plastic limit of expansive soil are given in Table 3 . Table 3 shows that the specific weight is 19.7 /kN⋅m −3 , which is similar to that of soil from the north of Hubei, China [7] , while the liquid limit and plastic limit are separately 37.9% and 17.3%, in which the two can be used to identify the status of the soil and be further helpful for the application of expansive soil. In addition, the plasticity index is 20.6, which means that the expansive soil can have a high hydrophilic. Except for the parameters on the plasticity given before, another one is free swell ratio as large as 54%, which can directly reflect the high expansibility of expansive soil. ∘ C. The figure shows two main portions of mass loss as the rise of temperature. The first one is during the heating temperature interval of 20-100 ∘ C when the free water and some physically absorbed water are off. Before the heating temperature is up to 100 ∘ C, the sample loses 8.74% of its total weight. The proportion of physically absorbed water is small. Combined with Table 3 of physical properties, it can be known that the lost water is mainly from the free water. Therefore, the moisture content of expansive soil is around 8%, which is lower than the liquid limit and the airing treated expansive soil is in the semisolid state. Then the mass of the sample undertakes a slight decline in the range of 100∼140 ∘ C with a mass change of 1.18%. This portion of mass decrement is due to the drain of part of physically absorbed water and chemically bound water. For the existence of Al(OH) 3 and carbonate terrane in the clay mineral of expansive soil, the lost chemically bound water is mainly from the release of H 2 O and CO 2 separately from the decomposition of Al(OH) 3 and carbonate terrane. The comparison of the different parts of loss illustrates that the loss of expansive soil during the heat treatment is occurring mainly before 100 ∘ C as a consequence of the elimination of free water and physical absorbed water.
The Influence of Temperature
Particle Size and Density.
The physical properties such as particle size, density, and strength change with the increase of the heated temperature of expansive soil. These properties of expansive soil can significantly influence the occurring possibility of landslide and the settlement of the foundation [20] . The particles size distribution of the unheated expansive soil (20 ∘ C) and expansive soil heated at 100 ∘ C is shown in Figure 4 (a). It can be seen that the unheated expansive soil particles are mostly in the range of 0.096-13.5 m with a mean value of 4.67 m. Compared with the unheated expansive soil, the heat treated one has a relatively large particle diameter. The particle diameter of expansive soil heated at 100 ∘ C is between 0.052 m and 11.7 m with an average value of 8.81 m. It is believed that the rise of particle size is due to the dehydration consolidation during the evaporation process.
With the change of heated temperature from 20 ∘ C to 140 ∘ C, which can indicate from Figure 4 (b) that the average particle diameter of expansive soil rise from 4.67 m at 20 ∘ C to 9.03 m at 140 ∘ C, the temperature from 20 ∘ C to 100 ∘ C saw the rapid increase of mean particle size from 4.67 m to 8.81 m, followed by a slow rise to 9.03 m at 140 ∘ C.
With a similar increase tendency of mean particle size, the density of expansive soil also sharply grows from 1.94 g/cm 3 to 2.28 g/cm
3
. As the temperature is increasing from 20 ∘ C to 100 ∘ C, the density of expansive soil experiences a rapid increase to the value of 2.35. And then the density declines slightly from 2.35 g/cm 3 at 100 ∘ C to 2.28 g/cm 3 at 140 ∘ C. As well as the particle size, the density also rises up because of the dehydration consolidation. As to the large growth rate before 100 ∘ C, it comes from the high water content and fast free water loss during the heat treatment. While the loss of physically absorbed water and chemically bonded water will exert a weak influence on both the density and the particle size. But the decomposition of Al(OH) 3 and carbonate terrane can lead to the creak and transformation of some clay mineral particle, which will further make the density at a low value.
SEM Characterization.
The microstructure and the morphology play important role in the status of expansive soil and influence the expanding and shrinking behavior of expansive soil [21] . For the purpose of further comprehending the phase change progress of expansive soil during heat treatment, untreated expansive soil and samples heated at 60 ∘ C, 100 ∘ C, and 140 ∘ C are dispersed in anhydrous alcohol and grinded by ultrasonic vibration for the same time (4 h). Then the samples were observed by scanning electron microscope to obtain the micromorphology maps of these samples. The SEM images of unheated expansive soil and heat treated one are shown in Figure 5 .
From Figure 5 (a) it can be known that the microscopic structure of untreated expansive soil is relatively loose, with high porosity and small particle size. On the contrary, the diagrams of expansive soil heated at a series of temperatures ( Figures 5(b)-5(d) ) indicate that the heat treatment can improve the value of particle diameter and make the particles easy to gather together. The increasing tendency of particle size is consistent with the values measured by laser particle size analyzer as shown in Figure 4 (b). Different microstructures result from different physical and chemical progresses. With the influence of heating at 60 and 100 ∘ C, expansive soil lose the majority of its free water and part of physically absorbed water. So Figures 5(b)-5 (c) present small particles and a high porosity, corresponding to a low density as shown in Figure 4(b) . When heated at 140 ∘ C, with the decomposition of phases like carbonate terrane, expansive soil has lost almost all the physically absorbed water and part of the chemically bound water. So it can have larger particle and higher porosity (also higher density) than when heated at 60 ∘ C ( Figure 5(d) ).
Hydraulic Behaviors and Shearing
Resistance. As one type of unsaturated soil, the existence of gaseous phase, water, and soil skeleton in expansive soil is the main reason leading to the complex properties. Thus, the research on the existing form of gas phase and water phase and the migration law of gas and water under stress is indispensable to know its physical properties [20, 22, 23] . And the hydraulic behaviors and strength performance play fundamental role in the pollution prevention, modification, and engineering application of expansive soil. Therefore, these relevant researches have been carried out and the test results are shown in Figure 6 . Both unheated expansive soil (20 ∘ C) and samples heated at 100 ∘ C for 6 h belong to alkaline engineering materials. The hydraulic behaviors of expansive soil would critically influence the spread of harmful substances in underground water and further lead to serious pollution of the surrounding soil, air, and groundwater. Therefore, a deep recognition of the hydrodynamic characteristics of expansive soil is necessary for the pollution prevention of underground water. The measured hydraulic characteristics can be illustrated by soil-water characteristic curve (SWCC) and hydraulic conductivity characteristics curve (HCF), which are shown in Figure 6 (a).
The SWCC curves indicate that, with the same change of water content, the change of matrix suction of unheated expansive soil (matrix suction value is a function of several factors like free water, electric combination water, cement force, and electrochemical power) is greater than that of expansive soil heated at 100 ∘ C. This means that the water sensitivity of unheated expansive soil is greater than heated ones. As a consequence, under the same natural conditions, the stability of expansive soil after heat treatment is lower than that of unheated expansive soil. On the other hand, with the same water content, the hydraulic conductivity of the heated sample is better. It indicates that the liquid pollutants in expansive soil under high temperature are easier to filtrate and diffuse into the underground water and the surrounding environment.
The measurement shows that the strength of heated expansive soil is far higher than that of unheated soil. Then the direct shear tests were carried out for the purpose of further understanding the strength performance of the expansive soil under different temperature conditions. The testing results are shown in Figure 6 (b).
The curves in Figure 6 (b) indicate that, under the same experimental conditions, expansive soil heated at 100 ∘ C for 6 h has significantly high intensity. This is the same with the conclusion obtained in the sites. The bond strength of the two samples can be calculated through extending the strength envelope curve towards the left to the longitudinal axis of the coordinate system. The bond strength of heated expansive soil, 178 kPa, is significantly greater than that of unheated samples which is 26.3 kPa. In addition, it can be known that the angles of internal friction of the two materials are almost the same from the fact that two shear strength envelope curves are roughly parallel. These phenomena illustrate that the main reason why the strength of heated expansive soil is substantially higher is that it comes from the increase of bond strength.
Conclusion
In this project, the mineral and chemical composition and several essential physical parameters of unheated expansive soil samples taken from the western outskirts of Hanzhong of Shanxi Province, China, are tested and given out. Moreover, along with the change of temperature from 20 ∘ C to 140 ∘ C, free water, physical absorbed water, and chemically bound water are lost in sequence. The mean particle diameter undertakes a sharp increase and the SEM shows that the microstructure becomes larger and more porous due to the decomposition of phases like carbonate terrane. The hydraulic behaviors and strength performance of unheated samples and the one heated at 100 ∘ C are also given out to demonstrate the mechanical properties during the engineering application. All these researches play fundamental role in the pollution prevention, modification, and engineering application of expansive soil.
